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Introduction 24
One of the major goals of evolutionary biology is to understand the genetic basis of phenotypic 25 variation and how it is shaped by natural selection. The mapping of genetic to phenotypic 26 variation depends on many cellular processes, of which RNA transcript abundance, or gene 27 expression, has been shown to play a central role (Abzhanov et al. 2004 we still lack direct estimates of the strength of selection acting on transcript level abundance. 33
The link between expression levels and fitness variation is not obvious, if not doubted, since 34 mRNA abundance must be translated into protein abundance, enzyme activity and ultimately 35 phenotypic variation (Feder and Walser 2005; Evans 2015) . So far, the evidence for a link 36 between fitness and gene expression variation is mixed and mostly indirect. For instance, in 37 yeast, the knocking-out of many genes first had mostly non-consequential effects on fitness 38 (Giaever 2002; Benoit et al. 2009 ). However, more recent evidence in yeast show that variation 39 in expression can significantly affect fitness (Keren et al. 2016 ). Unfortunately, data in more 40 complex organisms are still scarce, especially on a transcriptome-wide scale. Indirect evidence 41 supporting the importance of gene expression in evolution comes from studies showing 42 differences in expression levels between adaptively divergent populations in yeast (Townsend et 43 al. 2003) , humans (Fraser 2013) , Drosophila (Hutter et al. 2008) Marais et al. 2013 ). The role of plasticity in evolution is, however, contentious. It is often argued 58 that if plasticity is adaptive, it should impede evolution since it can hide genetic variance on 59 which selection would act, thus weakening selection (Price et al. 2003 ). Yet, plasticity is also key 60 for population persistence in a changing environment because it can keep populations at higher 61 sizes, or buffer novel variants against purifying selection (Chevin et al. 2010; Fitzpatrick 2012) , 62 thus facilitating long-term adaptation ( was non-adaptive because opposed in direction to the evolutionary response. It may thus be 66 that non-adaptive plasticity facilitates evolutionary divergence by increasing the strength of 67 selection (Ghalambor et al. (2007 (Ghalambor et al. ( , 2015 ). 68 However, these studies and others compared expression responses of non-adapted individuals 69 to adapted populations or selection lines in common garden experiments ( show only the current state after divergence. Studying organisms that have been exposed to 74 new conditions recently can give us more insight into the initial processes leading to divergence 75 between populations experiencing novel environmental conditions and how changes in 76 transcription may contribute to it. In particular, it is still unknown how short term selection 77 pressures are linked to long term optimum expression levels. The two may differ because 78 organisms may first activate immediate stress responses that are beneficial and thus adaptive 79 when they appear, but will not persist because costly to maintain on the long term resulting in 80 quite different responses (Moya et al. 2012 (Moya et al. , 2015 , especially for negative stress effects like 81 slowing down of cell cycle and protein synthesis, and protein damage (Enzor and Place 2014; 82 Huth and Place 2016). In contrast to a first-step stress response, long term adaptation 83 necessitates to optimally re-allocate energy resources between reproduction and stress 84 protection. Optimal solutions for this trade-off between reproduction and survival might also 85 differ between conditions (Schlichting and Smith 2002) and because environmental changes in 86 nature are often multivariate, responses may be constrained by trade-offs among multiple 87 stressors. A beneficial response elicited by one environmental factor may be overridden by a 88 negative effect in presence of a second factor and generate a pattern of non-adaptive plasticity. 89
The joint effects of stress factors may not be simply deduced from single responses and may 90 result in complex interactions when in combination (Crain et al. 2008 In this study we asked how Tribolium castaneum (the red flour beetle) was affected by heat and 103 drought in single stressor treatments and in a combination treatment. We combined a fitness 104 assay with measuring gene expression using RNA-seq. This allowed us to get more insight into 105 the physiological processes affected by different stressors, to examine whether the 106 transcriptomic responses to heat and drought overlapped and if gene expression was changed in 107 the same direction by both stressors. Based on this, we can make predictions about how 108 stressors will act in combination and test this in the combined stressor treatment. Since we 109 measured expression and fitness in the same individuals in sufficient sample size, we were able 110 to estimate transcriptome-wide selection intensities on single-gene expression levels giving us an 111 unprecedented overview of selection pressures on gene expression in novel environments. 112
Further, we were able to examine whether plastic responses were adaptive or non-adaptive, 113 thus contributing to our understanding of how plasticity will affect future adaptation. 114
115

Results
116
We used a T. castaneum strain (Cro1) (Milutinović et al. 2013) , which was collected from a wild 117 population in 2010 and adapted to standard control conditions (33 °C, 70% relative humidity 118 (r.h.)) since then. We measured the number of adult offspring as well as gene expression 119 changes relative to control conditions when the beetles were exposed to a drought, a heat and a 120 Dry, only few enrichments could be detected (Supplementary Material S1, S2). Genes up-155 regulated by drought showed the strongest enrichment in active ion transmembrane transporter Genes up-regulated in Hot were enriched in many metabolic processes e.g. carbohydrate 164 metabolic process (GO:0005975), Citrate cycle (KEGG 00020), Pyruvate metabolism (KEGG 165 00620) (Supplementary Material S1, S2). The most strongly enriched category was chitin 166 metabolic process (GO:0006030). A protein domain analysis also showed significant enrichment 167 of heat shock proteins (IPR031107, IPR018181, IPR008978) (Supplementary Material S2). Down-168 regulated genes were enriched in pathways for DNA replication (KEGG 03030), nucleotide 169 excision repair (KEGG 03420) and Ubiquitin mediated proteolysis (KEGG 04120). 170 171 
Is response in gene expression adaptive? 312
To examine whether the plastic responses in gene expression are adaptive, we tested whether 313 significantly up-regulated genes were more positively selected and significantly down-regulated 314 genes more negatively selected than non-responding genes. We found that the response to Hot-315 Dry was mainly adaptive with up-and down-regulated genes significantly more positively and 316 negatively selected than non-responding genes, respectively (permutation tests: P < 0.0001) ( Fig.  317   6C) . In contrast, some parts of the response in Dry seemed maladaptive: Down-regulated genes 318
were not under significantly different selection, but up-regulated genes were more negatively 319 selected (Fig. 6A) . In Hot, the response is partly adaptive since down-regulated genes were 320 significantly more negatively selected, while up-regulated genes were not under significantly 321 different selection (Fig. 6B) . and Dry treatments, the top responding genes in the Hot-Dry treatment showed an independent 378 action mode of the individual stress responses as the most common response mode. When 379 stressors require different protection mechanisms and affect different pathways, it is unlikely 380 that they interfere with each other during combination and the effect of combination should 381 thus be additive (Folt and Chen 1999) . Accordingly, we found that the observed reproductive 382 output in the combined Hot-Dry treatment was close to what would be expected for purely 383 additive effects between Hot and Dry. Detection of a significant interaction between heat and 384 drought on offspring number was due to high sample size and accordingly high statistical power 385 and it should be noted that the effect was small (-2.22 ± 0.77). Together with a larger overall 386 expression response, including stronger down-regulation of reproduction-related genes, this 387 points to a larger shift of resource allocation from growth to stress protection in the Hot-Dry 388 compared to the Hot treatment caused by the addition of a milder drought stress to the large 389 heat stress. 80% of the shifting genes, see Results) in the three stress treatments. This translated into strong 404 negative correlations of selection intensities between Control and treatments. The protection 405 provided by stress response genes might thus have outweighed the costs of expression. Yet, 406 more importantly, although stress response trades-off negatively with reproduction and growth, 407 leading to an overall decrease of fitness in stress treatments, the gene expression change of the 408 underlying genes is mainly in the direction favored by selection (i.e. negative selection intensities 409 for down-regulated genes and vice-versa for positive selection, see Fig. 6 ). This means that the 410 physiological trade-off in energy allocation may not constrain the evolutionary response of those 411 genes because their responses were aligned with the direction of selection. There is thus a 412 strong potential for the evolution of gene expression, mostly in the Hot-Dry and to a lesser 413 extent in the Hot environments depending on the amount of genetic variance in expression 414 levels, which we haven't attempted to estimate here. We contend that current approaches of comparing already divergently adapted populations 456 cannot reveal the selection pressures acting at the beginning of divergence when populations 457 are exposed to different environments. They thus cannot say whether the first-step plastic 458 changes were adaptive or non-adaptive in the population where they appeared. In contrast, our 459 experimental approach gives a more accurate account of the selection pressures acting on gene 460 expression variation at the early onset of adaptive divergence by integrating fitness and 461 expression data in a large-scale stress-response experiment. Our approach also shows how 462 transcriptomics can be used to get information about the relative importance of different 463 stressors, their interaction and the potential constraints acting on plastic and evolutionary 464 responses when several environmental variables change at the same time. We were thus able to 465 evaluate the immediate adaptiveness of the plastic changes in gene expression. However, 466 further work is needed to clarify how we can use plastic responses to predict long-term 467 evolutionary outcomes, for instance by using long-term evolution experiments. 468 469
Material and Methods
470
Animal rearing and stress treatments 471
We used the Tribolium castanuem Cro1 strain (Milutinović et al. 2013) , collected from a wild 472 population in 2010 and adapted to lab standard conditions (32°C, 70% relative humidity) for 473 more than 20 generations. Beetles were kept in 24h dark on organic wheat flour mixed with 10% 474 organic baker's yeast. We sterilized the flour and yeast by heating them for 12h at 80°C before 475 use. We tested the response of fitness and gene expression of the beetles to heat, drought, and 476 a combination of both stressors. The conditions in the treatments were: Hot: 37°C and 70% r. h., 477
Dry: 33°C and 30% r. h., Hot-Dry: 37°C and 30% r. h. Parents of the studied beetles grew up and 478 mated in control conditions at the age of four weeks in 15 mL tubes with 1 g of medium. Each 479 virgin male was mated with a virgin female. After four days, in which the beetles could mate and 480 lay eggs, each mating pair was transferred to a new vial. We repeated this three times, resulting 481 in four vials per mating pair containing medium and eggs. Vials of each mating pair were 482 randomly assigned to the four different conditions, resulting in full-sib families split across all 483 conditions. Male and female offspring (four females and four males per family and condition) 484 were separated at the pupal stage and transferred to 10 mL tubes with 1 g of medium and 485 remained there until they were used for the fitness assay eight weeks later. After the fitness 486 assay, males and females were transferred to 1 mL tubes, frozen in liquid nitrogen and stored at 487 -80°C. 488 489
Fitness assay 490
To test the effects of the different conditions on fitness, we measured reproduction in 6183 491 virgin females (ca. 1500 per condition, Table 1 ). We mated each virgin female with one unrelated 492 male from the same condition in 15 mL tube with 1 g medium. The male was removed after 24 h. 493
Females were removed from the tubes after one week of egg laying, and 9 g medium was added 494 to provide food for the developing offspring. After five weeks the number of offspring was 495 counted. At this time, all offspring had reached the adult stage. Some females did not produce 496 any offspring, in proportions that differed between conditions. To test whether there was an 497 effect of treatment on the number of reproducing and non-reproducing females, we used a 498 generalized linear mixed model with reproduction success (binomial: offspring/no offspring) as 499 response and condition as fixed effect. Since some of the tested females and males were full-sibs 500 and developed within the same tube, we used male and female families as random factors to 501 
Differential expression and enrichment analysis 533
We conducted a differential expression analysis using the R package edgeR (Robinson et al. 534 2010) . We tested for differently expressed genes between the treatments (Dry, Hot, Hot-Dry) 535 relative to the control as well as to each other. A gene is classified as DE with a FDR ≤5% after 536 adjusting for multiple testing (Benjamini and Hochberg 1995) . To test whether the number of DE 537 genes (relative to Control) was significantly different between two environmental conditions a 538 permutation tests was used. For each permutation entire RNA-seq samples of the two groups 539 were randomly assigned to conditions and the edgeR analysis repeated. Significance was 540 assessed by number of times the observed DE number was higher than the DE number obtained 541 by permutations. To test whether the magnitude of change in expression levels relative to 542 control was significantly different between Hot and Hot-Dry, we performed a permutation test. 543
Absolute log2-fold changes of each transcript were randomly assigned to the two groups and 544 differences in the mean were calculated. We then compared the distribution of differences 545 obtained by permutations to the observed difference between mean absolute log2-fold changes 546 in expression. Gene set enrichment analyses for immune response genes and reproduction 547 representing a potential response when two single stressors are combined: Combinatorial: 554 similar expression levels in single stress treatments but a different level in stress combination, 555
cancelled: response to one or both single stressors but expression levels similar to control 556 conditions when both are combined, prioritized: opposite responses to single stressors and 557 expression levels in combination similar to one of them, independent: response to only one 558 single stressor and the same response in combination, similar: same response in single stressor 559 treatments and combination. For creating predefined expression profiles we used 0 as control 560 level, 1 and -1 as expression levels for up-and down-regulation. We then tested the correlation 561 of normalized read counts of the top 1000 genes that showed the most significant responses 562 (based on significance of the DE analysis) in Dry, Hot and Hot-Dry conditions with each of these 563 expression profiles and assigned the genes to the category to which they showed the highest 564 correlation (Pearson correlation). 565
566
Selection 567
We measured selection intensity on gene expression separately for each treatment using 568 univariate linear regression methods (Lande and Arnold 1983; Brodie III et al. 1995) . Fitness 569 (number of adult offspring) was normalized by dividing each individual value by the mean (w' = 570 w i /mean(w) ). For each gene, expression levels were first normalized to cpm (counts per million, 571 TMM normalization) using edgeR and then transformed to standardized z-scores by subtracting 572 the mean and dividing by the standard deviation (z = (x i -mean(x))/ SD(x) ). Resulting regression 573 coefficients of relative fitness on standardized expression levels give an estimate of the selection 574 intensity. P-values were corrected for multiple comparisons. To test whether up-and down-575 regulated genes were under significantly different selection compared to genes without a 576 significant response, we used permutation tests. For each permutation (10,000 for each test) we 577 randomly assigned the categories "not DE" and "up" (or "down" respectively) to each estimated 578 selection intensity and calculated the difference in mean selection intensity between both 579 groups. Significance was tested by counting the number of permutations that showed a 580 difference higher or equal to the observed one. 581 582 Acknowledgements 583
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